Sucrose synthase activity increased in 2-day-old rice (Oryza sativa) seedlings submitted to anaerobic stress. Likewise The unusual behavior of maize sucrose synthase isozymes under anaerobiosis led us to study the anaerobic induction of the enzyme in rice. Rice shares the metabolic strategy of maize roots in response to anaerobic stress. However, in contrast to maize roots, rice is extremely resistant to anoxia. Rice seedlings that have germinated for 48 h aerobically survive more than 21 d and are capable of coleoptile elongation under complete oxygen deprivation. Their metabolism is high enough to permit DNA, RNA, as well as protein synthesis (1, 12, 13) . We have already shown that many of the glycolytic and fermentative enzymes increase in activity (19) . ADH (16), cytosolic glyceraldehyde 3-phosphate dehydrogenase (18), and PDC (our unpublished data) are all induced at both the mRNA and protein levels. The rice seedlings referred to above are still attached to the seed that contains starchy reserves. It seemed likely that the existence of these reserves played a role in the active metabolism seen in such seedlings under anoxia. Because starch mobilization is mediated by sucrose synthase, we hypothesized that in rice, sucrose synthase activity and protein levels should be induced by anaerobiosis coordinately with the other enzymes of sugar phosphate metabolism. In maize roots, however, lack ofstarch reserves means that sucrose synthase accumulation would be unnecessary.
One of the adaptive responses of plants to anaerobic stress is to switch from oxidative to fermentative carbohydrate metabolism. Under such conditions, energy is limiting. It is therefore not surprising that in maize roots, normal protein synthesis ceases. On the other hand, a specific set of polypeptides, the ANPs', are synthesized (15, 21) . All of the ANPs identified so far belong to the enzymes of sugar phosphate metabolism (reviewed by Sachs and Ho, ref. 22 ). The most heavily labeled of the ANPs was an 87-kD polypeptide, identified by Springer et al. (23) as SS1, the product of the Shrunken-] (Sh 1) gene. Bailey-Serres et al. (2) more recently showed that the 87-kD polypeptide was actually a doublet consisting of both SSl and SS2, the latter polypeptide being the product of the Sus I gene. Both sucrose synthase isozymes are therefore synthesized in maize roots submitted to anaerobic stress.
Several groups have documented the sharp rise in Sh 1 mRNA levels in maize roots as a consequence of anaerobic stress (5, 10, 11, 23) . The reports for Sus I mRNA are not as clear and range from a decrease (1 1) or no change (23) to a twofold increase (10) . However, it is evident that induction of mRNA levels is much greater for Sh I than for Sus 1. McElfresh and Chourey (11) also observed that despite an induction in mRNA levels, both activity and protein levels of SSl and SS2 were unaffected by anaerobic stress. More recently, Rowland et al. (20) were able to detect a small increase of SS I protein in the terminal 1 cm of the maize root apex.
Abbreviations: ANP, anaerobic polypeptide; ADH, alcohol dehydrogenase; PDC, pyruvate decarboxylase; SSC, standard saline citrate.
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The unusual behavior of maize sucrose synthase isozymes under anaerobiosis led us to study the anaerobic induction of the enzyme in rice. Rice shares the metabolic strategy of maize roots in response to anaerobic stress. However, in contrast to maize roots, rice is extremely resistant to anoxia. Rice seedlings that have germinated for 48 h aerobically survive more than 21 d and are capable of coleoptile elongation under complete oxygen deprivation. Their metabolism is high enough to permit DNA, RNA, as well as protein synthesis (1, 12, 13) . We have already shown that many of the glycolytic and fermentative enzymes increase in activity (19) . ADH (16) , cytosolic glyceraldehyde 3-phosphate dehydrogenase (18) , and PDC (our unpublished data) are all induced at both the mRNA and protein levels. The rice seedlings referred to above are still attached to the seed that contains starchy reserves. It seemed likely that the existence of these reserves played a role in the active metabolism seen in such seedlings under anoxia. Because starch mobilization is mediated by sucrose synthase, we hypothesized that in rice, sucrose synthase activity and protein levels should be induced by anaerobiosis coordinately with the other enzymes of sugar phosphate metabolism. In maize roots, however, lack ofstarch reserves means that sucrose synthase accumulation would be unnecessary.
Our results were obtained using several independent techniques, including enzyme activity measurements, immunodetection on Western blots, SDS, and two-dimensional PAGE of in vivo-and in vitro-labeled total proteins and immunoprecipitates, as well as hybridization analyses of Northern blots and run-on transcripts. Sucrose synthase activity and protein both increased upon anaerobic stress. This was accompanied by an increase in the steady-state level of sucrose synthase mRNA and in the rate of transcription ofthe sucrose synthase gene. We conclude that sucrose synthase is a typical anaerobic polypeptide in rice and is induced at both the protein and mRNA levels.
MATERIALS AND METHODS

Plant Material
Inbred rice (Oryza sativa L., var Cigalon) seeds were surface-sterilized with a commercial preparation of bleach, then germinated for 48 h in the dark at 25°C under distilled water with vigorous agitation ( 16 
Preparation of Crude Extracts
Lots of 10 rice seedlings were homogenized in 1 mL of extraction buffer containing 50 mM Tris-HCl, pH 7.5 (4°C), 1 mm DTT, and 1 mm EDTA (4). After centrifugation for 15 min in an Eppendorf centrifuge, the supernatants were used for immunoprecipitation or gel analyses. For activity measurements, supernatants were partially purified as described by McElfresh and Chourey (11) for maize sucrose synthase. Partial purification was necessary because reducing sugars present in crude extracts interfered with the sucrose cleavage assay. Proteins precipitating between 30 and 50% ammonium sulfate were resuspended in 100 mM Tris-HCl, pH 7.5 (4°C), 0.1% 2-mercaptoethanol, then dialyzed against the same buffer. Activities are expressed in mg of purified protein.
Sucrose Synthase Activity Sucrose synthase activity was assayed as described by Echt and Chourey (4) in the direction of sucrose cleavage. Reaction mixtures contained 100 mm NaOH-Mes, pH 6, 200 mM sucrose, 4 mm UDP, and 20 to 40 ,ug of protein (measured by the Bio-Rad method) and were incubated at 30°C for 15 min. Control tubes lacked UDP. Reaction was terminated by dilution with 1 mL of 300 mM triethanolamine-HCI, pH 7.6, and 3 mM MgSO4 followed by immediate measurement of reducing sugars.
Antisera
Monospecific antisera raised against maize SS1 was obtained from P. Starlinger. Antigenic cross-reactivity with rice sucrose synthase was tested: the maize antiserum completely inhibited sucrose synthase activity in crude extracts of rice seedlings.
Immunodetection
For denaturing (SDS) gels, 100 ,ug of proteins were boiled for 5 min in 65 mm Tris-HCl, pH 6.8, 5% 2-mercaptoethanol, 2.3% SDS, and 10% glycerol, then subjected to electrophoresis on 15% polyacrylamide-SDS gels as described previously (16) .
For native gels, 200 ,ug of proteins were separated on 6 to 15% polyacrylamide gradient gels containing 70 mm Tris-HCI, pH 7.5, and 10% (v/v) glycerol. The stacking gel was 4.5% acrylamide in 60 mM Tris-phosphate, pH 5.5. The electrophoresis buffer was 8.25 mm Tris-HCl, 30 mM veronal, pH 7. Separated proteins were electrophoretically transferred to nitrocellulose membranes (Hybond-C; Amersham). The blots were probed successively with polyclonal antibody to maize SS I and peroxidase-labeled anti-rabbit IgG. Visualization of the conjugate was achieved using 4-chloronaphthol.
Immunoprecipitation and PAGE
Rice seedlings labeled in vivo were homogenized in immunoprecipitation buffer (150 mM NaCl, 10 mM Tris-HCl (pH 8), 10 mM EDTA, 1% Triton X-100, 1% SDS, 10 mm methionine). The suspension was clarified by centrifugation for 15 min in an Eppendorf centrifuge. In vitro translation products were diluted with 9 volumes of immunoprecipitation buffer. Immunoprecipitation of in vivo and in vitro synthesized sucrose synthase was done by the protein A-Sepharose method described by Kopczynski and Scandalios (7) . SDS or twodimensional PAGE of proteins, before or after immunoprecipitation, was performed as described previously (13, 16) . Gels were prepared for fluorography by impregnation with dimethyl sulfoxide/2,5-diphenyloxazole, dried, and exposed on Kodak X-Omat AR film.
Northern Blot Analysis
Ten micrograms of total RNA were separated in a 1 % agarose-formaldehyde gel and transferred to nitrocellulose as described in Maniatis et al. (9) . Maize Shl cDNA (pWW1 10/ 1) (24) was labeled using 9.25 MBq of a32P-dCTP (0 11 TBq mmol-'; Amersham) and the nick translation kit of Amersham. The specific activity of the probe was about 108 cpm/ ytg. Prehybridization and hybridization was performed for 4 and 24 h, respectively, at 42°C in hybridization buffer containing 50% (v/v) formamide, 50 to anoxia for at least 6 h, doubling within 24 h. At 142 h of anoxia, activity had increased about threefold. Proteins in crude extracts from aerobic and anaerobic darkgrown rice seedlings were separated on denaturing or nondenaturing polyacrylamide gels, then electrophoretically transferred to nitrocellulose filters. Immunodetection was performed as described in "Materials and Methods" and by means of a heterologous antiserum raised against maize SS 1. Cross-reactivity was demonstrated by the fact that sucrose synthase activity in crude extracts of rice seedlings was completely abolished by the maize antiserum (results not shown). Figure 2A shows that the maize antiserum recognized a polypeptide with an apparent molecular mass of 85 kD. The immunoblot of the native gel (Fig. 2B) Figure 3A shows that sucrose synthase was the major protein precipitated in aerobic seedlings (Fig. 3A, As shown in Figure 1 , sucrose synthase activity as measured in partially purified crude extracts was present in dark-grown rice seedlings under aerobic conditions at relatively high levels; activity clearly increased when seedlings were submitted micrograms of proteins from aerobic and 24-h anaerobic seedlings were separated on a 5 to 15% acrylamide native gel. Electrophoretic transfer to nitrocellulose was followed by probing with an antiserum to maize SS1 before incubation with peroxidase-labeled anti-rabbit IgG. (results not shown). ADH and PDC were similarly identified using antiserum raised against purified rice ADH Position of Sucrose Synthase on the Rice Anaerobic Protein Profile
Ten major ANPs have been localized on two-dimensional gels of rice seedling proteins synthesized under anaerobiosis (14) . Unlike maize, however, different rice seedling organs synthesize different proteins in response to anaerobic stress (17) . Anaerobic coleoptiles synthesized many other proteins in addition to the major ANPs, whereas in anaerobic roots synthesis was limited to the ANPs. The position of an immunoprecipitate of sucrose synthase on a two-dimensional gel was compared with the ANPs of an anaerobic rice seedling extract analyzed on a parallel gel. Figure 4 indicates the position of sucrose synthase among the proteins synthesized. This position was unambiguously confirmed by transfer of an identical gel to nitrocellulose followed by immunodetection *-i4 Figure  7 shows that the transcripts for cytosolic glyceraldehyde 3-phosphate dehydrogenase (Fig. 7, lane 1) , ADH (Fig. 7 , lane 1 3 6 24 ANOXIA (H) 2), and sucrose synthase (Fig. 7, lane 3) were undetectable in aerobic nuclei (Fig. 7A ) and clearly detectable in nuclei exposed to only 1 h of anaerobic stress (Fig. 7B) . As expected for functional nuclei, rDNA was actively transcribed in both types of nuclei (results not shown).
DISCUSSION
In contrast to rice sucrose synthase, the maize enzyme has been extensively characterized. The two isozymes of maize, SS I and SS2, are quite similar in overall amino acid compositions, have identical monomer molecular masses of 87 kD, and are active as homo-or heterotetramers. They also share partial antigenic identity but differ somewhat in net charge and protein cleaving patterns (4 What relationship this has to anoxia tolerance in rice has yet to be shown. However, it is tempting to speculate that the onset of fermentative metabolism leads to increased demand for sugars and that the accumulation of sucrose synthase in rice corresponds to a greater capacity for utilization of sucrose in anaerobic tissues. The resulting increase in the flux of carbohydrate through the glycolytic pathway would thus enable rice seedlings to maintain energy metabolism at high levels for longer periods and thus contribute to survival under anoxia.
